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Abstract: Urban “blue-green” space is the basic element of urban natural ecological space. The rapid
urbanization process has a significant impact on the pattern of urban blue-green space and seriously
threatens the urban ecological environment. It is of great significance for urban ecological protection
and sustainable development to study the change in characteristics of blue and green space during
urban expansion. In this paper, a comprehensive method of remote sensing image, landscape pattern
analysis, sector analysis, and coupling analysis is applied to analyze the spatio-temporal evolution
characteristics and coordinated development level of the blue-green space and built-up area in central
Wuhan from 1987 to 2018. The results showed that the land use and landscape pattern in the central
city of Wuhan underwent a drastic change process, and the dominant change was the occupation
of blue-green space by urban built-up areas, which led to the increase of landscape fragmentation
and the decrease of heterogeneity. Urban green space is gradually marginalized and concentrated
in local areas. The blue space has an obvious blocking effect on the expansion of the built-up area,
and its spatial pattern tends to be stable gradually. In addition, the coupling degree between urban
blue-green space and urban built area presents an inverted U-shape, and the coordinated development
level among the three has entered a stage of moderate imbalance. It is urgent to strengthen the
protection of blue-green space, curb the disorderly expansion of cities, and improve the quality of
urban development.

Keywords: blue-green space; urban expansion; landscape pattern index; gradient direction analysis;
coupling model

1. Introduction

Urban landscape pattern is the macroscopic spatial distribution of landscape patches and the
overall urban layout that changes dynamically with urban expansion under the influence of many
factors, the core of which is the blue-green space [1]. On the macro level, blue-green space is the sum
of blue space and green space, including all water and green space, constituting the overall landscape
pattern of the city [2]. Among them, “green space” includes mountain, forest land, farmland, grassland,
and ecological corridor, as well as large green space, belt green space, protective green belt, public
open space, and green roof in the city [3,4]. “Blue space” includes linear water bodies such as rivers
and planar water bodies such as reservoirs and wetlands [5,6]. Urban blue-green space is a controlling
factor closely related to urban sustainable development and residents’ life, and an inseparable “organic
aggregation” of urban ecological framework [7,8]. Increasing the proportion of blue and green space is
an important way and means to achieve urban ecological security and system integrity, improve urban
functions and charm characteristics, and ensure high-quality urban development [9].
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In the past few decades, the concentration of population and socio-economic activities around
the world has led to rapid urban expansion, significantly changing the urban landscape pattern [10].
The development of urbanization is usually accompanied by the fragmentation of landscape
patches, the shrinking and breaking of blue-green space, and other dynamic changes [11,12].
China’s urbanization is considered to be the fastest and most extensive, with the urbanization
rate rising from 25.32% in 1987 to 60.60% in 2019 [13]. The rapid growth of urban population makes
urban construction land increasingly scarce, and a large number of farmland and forest land around
the city have been embezzled [14]. According to statistics, from 1992 to 2015, China’s construction
land increased by nearly five times, almost 2.5 times the global average, and more than 10% of
cultivated land has been converted to other land use types [15]. The huge change of land use and
the high intensity of human activities pose a severe challenge to the urban ecological environment.
In addition, conflicts between different types of land use and their negative impact on urban social and
economic development also appear gradually [16]. At present, the Chinese government attaches great
importance to space policy, aiming to achieve sustainable development of regional land space through
comprehensive measures such as land space development, resource and environmental protection,
land consolidation and improvement, and security systems [17].

Human economic activities usually accelerate the speed of land use change, which is the main
cause of ecological environment deterioration and habitat destruction [18]. The study of urban land
use change can not only reveal the spatial and temporal characteristics of urban expansion and land
use dynamics, but also provide support and evidence for ecological environment problems that
threaten the sustainable development of cities [19]. At present, such studies mainly focus on spatial
and temporal change of land use [20,21], the relationship between land use change and its driving
force [22,23], simulation of land use change [24,25], and the impact of land use change [26,27], etc.
With the development of remote sensing and geographic information technology, it becomes easier
to characterize landscapes and quantify their structural changes. Remote sensing data has become
the most important data source due to its large area coverage, high accuracy, and timeliness [28].
Landscape index analysis is widely used to analyze land use change characteristics that cannot be
observed with the naked eye, and measure the specific spatial characteristics of patches, patch types,
or the whole landscape from the perspectives of area, shape, aggregation, and diversity [29,30].

Many previous studies have mostly carried out macroscopic qualitative analysis from the
perspective of the impact of land use change on landscape pattern in rapidly urbanized areas, and have
found that in these regions, green space and water area are transformed into construction land,
which is prone to form extremely scattered landscapes, but the extent of such impact has not been
quantified [31-33]. Most of the research lacks conjecture verification and two-step coupling quantitative
analysis and evaluation [34,35], or just start from a single aspect of urban green space or blue space,
where static studies are conducted on social attributes of space such as public health welfare [36],
social equity [37,38], physical attributes such as urban flood [39,40], urban landscape [41,42], and other
aspects such as economic development [43]. Relatively few studies analyze the dynamic changes of
blue-green space and landscape pattern from the perspective of long time series and multiple nodes,
and quantitatively analyze the relationship between urban expansion and blue-green space.

The present study addresses the shortcomings of the above studies. First, long-term serial remote
sensing images from 1987 to 2018 were interpreted and analyzed to explain the spatial evolution
of blue-green space and urban built-up areas in the center of Wuhan, and then using the transfer
matrix of land use and landscape pattern index and urban expansion intensity to explore its changing
characteristics in depth. Sector analysis and gradient direction analysis were used to reveal the spatial
impact of urban expansion on blue-green space. Finally, on the basis of the physical coupling model,
the coordination degree model quantitatively analyzed the level of coordinated development between
blue-green space and urban built-up areas.

The objective of this study lies in the analysis of the evolution path and interaction mechanism
between blue-green space and urban built-up areas under the background of rapid urbanization,
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and the combination with the evolution and implementation of urban policies to explore better
protection approaches for urban blue-green space. Protecting and improving the quality of blue-green
spaces are important means to achieve urban ecological security and system integrity, enhance urban
functions and charm characteristics, and ensure green and high-quality development. As a typical city
with abundant water, Wuhan has long been actively exploring the ecological, green, sustainable, urban
development concept. With a good natural ecological foundation, Wuhan has the conditions to explore
a development path featuring blue-green integration and ecological sustainability.

2. Study Area and Data Source

2.1. Study Area

Wuhan is located at 113°41’-115°05 east longitude and 22°29’-31°58’ north latitude. It is located
in the eastern part of the Jianghan Plain in the hinterland of China and has a total area of 8494.40 km?.
Waubhan is the capital of Hubei Province and is a “1 + 8 city circle.” The central city is an experimental
area for comprehensive reform of the construction of a resource-saving and environment-friendly
society. Many water systems are found in the city, and the water area accounts for one-fourth of the
total area of the city. Hence, Wuhan is called “the city of a thousand lakes” [44]. The world’s third
longest river, the Yangtze River, and its largest tributary, the Han River, converge in the center of
Waubhan, forming a spatial pattern of cities on three sides of the strait.

We selected seven central urban areas in Wuhan as the study areas: Jiang’an District, Hongshan
District, Jianghan District, Tongkou District, Hanyang District, Wuchang District, and Qingshan District
(Figure 1 and Table 1). The core area of the city has a high level of urbanization. In the past 30 years,
Wuhan has been one of the fastest growing cities in China, with a population growth from 6.29 million
in 1987 to 9.79 million in 2018. The central city of Wuhan is densely populated. The built-up area is
expanding rapidly, whereas the blue-green space has a large range of change, making the central city
of Wuhan representative as a research area. The land cover types in the six remote urban areas of
Dongxihu, Xinzhou, Huangpi, Hannan, Caidian, and Jiangxia are mainly composed of cultivated land,
forest land, and waters. They are less affected by rapid urbanization, and the blue-green space changes
are not obvious. Therefore, these six areas are outside the scope of this study.
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Figure 1. Geographical location of the study area: (a) the location of Wuhan and (b) the location of
Wuhan central city.
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Table 1. Administrative divisions of the central and peripheral districts of Wuhan in 2019.

Region Name Area (km?) Permanent Residents Household Registration Population
Jiang’an District 64.24 895,635 659,192
Jianghan District 33.43 683,492 468,497
Tongkou District 46.39 828,644 536,411
Central city Hanyang District 108.34 584,077 511,168
Wuchang District 87.42 1,199,127 1,136,551
Hongshan District 480.20 1,049,434 851,264
Qingshan District 85.5 485,375 452,870
Dongxihu District 439.19 451,880 261,408
Hannan District 287.70 114,970 107,052
Peripheral city Caidia.n Di.stri.ct 1108.10 410,888 472,130
Jiangxia District 2010.00 644,835 721,435
Huangpi District 2261.00 874,938 1,118,474
Xinzhou District 1500.00 848,760 985,685
Total Wuhan 8494.41 9,785,392 8,282,137

2.2. Data Sources

In the acquisition of remote sensing data, factors such as acquisition time, coverage, cloud cover,
and resolution were considered. To minimize the negative impact of weather on the analysis, images
with zero cloud cover in the study area were selected. This study selected remote sensing images from
1987, 1992, 1996, 2001, 2005, 2009, 2013, and 2018 as data sets. All these remote sensing images were
obtained from Landsat satellites, and the images were downloaded from the China Geospatial Data
Cloud Website (Http://www.gscloud.cn/). Table 2 shows the image data.

Table 2. The remote sensing image data.

Satellite Sensor Resolution Data Identification Date Cloudiness
LT51230391987253BJC00 1987/9/10 No
LT51230391992299BJC00 1992/10/25 No
LT51230391996278CLT00 1996/9/2 No
Landsat5 ™M 30M LT51230392001067BJC00 2001/916 No
LT51230392005110BJC00 2005/9/11 No
LT51230392009249BJC00 2009/9/6 No
LC81230392013260LGNOT  2013/9/17 No
Landsat8  OLI 30/15M LC81230392018098LGNO 2018/4/8 No

We performed preliminary processing of the data. First, we used ENVI5.3 software (ITT Visual
Information Solutions, New York, NY, USA) to preprocess the images (radiation calibration, atmospheric
correction, fusion, and cutting). We then performed image fusion, which is a combination of different
digital images to create a new image by using an algorithm. Image fusion uses high spatial resolution
and spectral information to effectively visualize and interpret images. Image fusion is implemented to
fully utilize remote sensing images spatial information [45]. The Alberts Conical Equal Area is used
as the reprojection coordinate system. The image was resized to a resolution of 15 X 15 m to obtain
the minimum plot unit of urban land area of 225 m?. These steps will improve the precision of the
subsequent data processing work.

3. Methods
3.1. Land Use Mapping and Analysis

3.1.1. Classification of Land Use Types

We use the normalized differential vegetation index (NDVI) to extract urban green space, NDVI is
the best indicator of vegetation growth status and vegetation coverage and is widely used in detecting
vegetation growth status, vegetation coverage, and eliminating partial radiation errors [46]. NDVI can
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partially eliminate the influence of radiation changes related to atmospheric conditions, such as solar
altitude Angle, satellite observation Angle, topography, and cloud shadow, etc. The result is limited to
(-1, 1), avoiding the inconvenience of using too much or too little data.

On the basis of the spectral characteristics of weak absorption of water in the green-wave band
and strong absorption in the near-infrared band, Mcfeeters first proposed the most representative
normalized difference water index (NDWI) [47]. However, the spectral characteristics of buildings
and soil in the green light and near-infrared bands are similar to water bodies. When the NDWI is
used to extract water bodies in cities, buildings and water bodies are easily confused. Aiming at
this problem, Xu Hangiu proposed an improved normalized differential water index (MNDWI) [48].
This step enhances the difference between water bodies and buildings, and improves the accuracy of
water body extraction in cities. We refer to this method when we extract urban blue space.

The normalized difference barren index (NDBI) is the most commonly used index for extracting
construction land, and it is created on the basis of the characteristic that the reflectivity of construction
land in the mid-infrared band is greater than that in the near-infrared band [49]. First, using the
NDBI index to perform band calculation on the image after the water mask to separate building
from vegetation. Second, removing the bare land information from the construction land information.
The reflectance of buildings and bare land in the NIR band is less than that in the mid-infrared band.
Therefore, using the NDBI index to enhance the construction land information also enhances the
bare land information. The normalized differential impervious surface index (NDISI) enhances only
the surface impervious surfaces of buildings and roads [50]. The bands based on the NDISI index
are used in the image extracted by the NDBI index to effectively remove the mixed bare land in the
construction land.

3.1.2. Accuracy Evaluation

Obfuscation matrix is a standard format for accuracy evaluation, in which columns represent the
reference image information and rows represent the classification result information of the evaluated
image. It can clearly see the number of correctly classified and misclassified categories and numbers
for each feature [51]. However, the classification accuracy of the confusion matrix cannot be intuitively
seen, so various classification accuracy indexes are derived from the confusion matrix, among which
overall accuracy (OA) and Kappa coefficients are the most widely used. The overall classification
accuracy indicates the probability that the results of the classification are consistent with the actual
type of the corresponding region of the reference data. Kappa coefficient represents the ratio of error
reduction between classification and completely random classification. Kappa coefficient is between
-1 and 1, and the higher the value is, the more accurate the classification result will be. Annual land
use type verification samples were extracted from Google Earth images and Landsat images by visual
interpretation, and the annual images included 500 randomly selected points.

3.2. Blue-Green Space Landscape Pattern Index

Landscape pattern generally refers to spatial pattern, that is, the spatial arrangement and
combination of landscape elements with different sizes and shapes, including the type, number,
and spatial distribution and configuration of landscape constituent units. For example, different
types of patches can be used in space. Landscape pattern is distributed randomly, uniformly, or in
a clustered manner. It is a concrete manifestation of landscape heterogeneity and the result of various
ecological processes at different scales. Landscape patterns are usually analyzed using landscape
indicators. All metrics are divided into three levels of patch, patch type, and landscape, which quantify
the fragmentation, heterogeneity, and connectivity of landscape patterns [52].
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In this study, the number of patches, patch density, edge density, area weighted average patch area,
area weighted shape index, and area weighted average fractal dimension were selected to quantify
the landscape pattern of blue-green space. The number of patches is the total number of patches
contained in a landscape type; the patch density and edge density are the sum of the number and
perimeter of patches per unit area respectively, which can be used to evaluate the fragmentation degree
of landscape. The area-weighted shape index is equal to the sum of the perimeter and area ratio of
each patch in a certain patch type multiplied by their respective area weights. The fractal dimension of
area-weighted average is used to measure the spatial shape complexity of patches and landscapes.
The larger the value of these two indicators is, the more complex the patch shape is. To some extent,
it also reflects the degree of influence of human activities on the landscape pattern. All metrics are
calculated in FRAGSTATS 4.2 (Manufactured by LandEco, OR, USA).

3.3. Urban Expansion Intensity

In the study, we selected the Urban Expansion Intensity Index (UEIl) to identify urban expansion.
UEIl represents the annual spatial change of the land area of a city unit area [53,54]. Urban expansion
intensity refers to the percentage of urban land use expansion area in the total land area of a certain
space unit in a certain period. The equation is as follows:

ULA;, — ULA;,

UEIl = — A

% 100%, 1)
where ULAy and ULAy, are the urban built-up area at f; and tp, respectively; TLA is the total area of
the study area; and At is the time interval (in years) during the study period.

Seto et al. converted the urban expansion rate into a standard measure to remove the urban land
use scale effect, which can accurately reflect the rate of urban expansion and also facilitate comparison
between different periods [55]. The equation is as follows:

AUER =

ﬁ
) —1|%x100%, )

ULA,,
ULA,

In the formula, ULAy and ULAy, are the area of urban built-up area at t; and t,, respectively; At is
the time interval (in years) during the study period.

3.4. Sector Analysis and Gradient Direction Analysis

Sector analysis can effectively describe the spatial distribution of different land use types with
respect to the direction of a predefined city center [56]. In this study, we used sector analysis to analyze
the spatial changes of urban expansion. First, the center points in Wuhan’s downtown area (Wuhan
Municipal People’s Government) were identified by extending rays from each center at 10° intervals.
A total of 36 sectors were drawn, and sector analysis was performed by calculating the area of each
fan’s built-up area [57].

Gradient direction analysis is an upgrade process used to summarize the spatial-temporal changes
in land use patterns [58]. This method first draws several concentric rings at a certain interval using
the center point of Wuhan’s downtown area as the center of the circle, and the range of the largest
concentric ring should cover the entire study area. Next, 36 fans were mapped by extending rays from
the city center at 10-degree intervals, with concentric rings intersecting those fans to create a series
of segmented areas. Finally, each segmented area is represented by the largest proportion of land
use types.
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3.5. Coupling Analysis

3.5.1. Data Standardization

Data standardization (normalization) is a basic process in data mining. Different evaluation
indicators often have different dimensions and dimensional units. After data is standardized, all
indicators are in the same order of magnitude, which is suitable for comprehensive comparative
evaluation [59]. All indicators can be divided into positive and negative categories. The larger the
positive indicator, the more beneficial it is to the system, negative indicators are on the contrary. For
example, the greater the patch density and edge density, the more fragmented the landscape and
the more unfavorable the system development. The data are mapped in the 0-1 range through data
standardization. The equation is as follows:

... .. Xi = Xmi
Positive indicators : x; = — 3)
Xmax—Xmin
e . Xmax — Xi
Negative indicators : x, = ———, 4)

Xmax—Xmin
In the formula, x; and x’; respectively represent the values before and after the data are normalized,
and x,,;;, and x4y respectively represent the minimum and maximum values in the sample data.

3.5.2. System Development Level Measurement

The entropy method determines the weight by the amount of information passed to the decision
maker by the indicator, which can reflect the utility of the indicator entropy more deeply [60]. In this
article, it is used to determine the weight of each indicator in the blue-green spatial change system.
The calculation steps are as follows:

P = 1ii/ Yi_1tijs )

In the formula, Pi]- is the ratio of the index j in the ith year; rijis the standardized value of the index
j in the ith year; and # is the number of years.

Hj = -1/Inn}. pijnpjj, ©

In the formula, H; is the entropy value of the index j, which represents the total contribution of
all evaluation objects to the index j; Pj; is the ratio of the index j in the ith year; and 7 is the number
of years.

Fi=1-H,, (7)

In the formula, F; is the difference coefficient, which indicates the degree of inconsistency of the
contribution of each evaluation object under the index j, and H; is the entropy value of the index j.

Y =Fi/LiFj, (8)

In the formula, ¥ is the weight of index j; Fjis the difference coefficient, and # is the number
of years.

Ui = X qyjrij, ©)

In the formula, Uj; is the comprehensive evaluation index of a system in the ith year; ¥, is the
weight of the index j; r;; is the standardized value of index j in the ith year; and 7 is the number of years.

3.5.3. Coupling Model

The concept of coupling originates from the field of physics and refers to the process of energy
transmission from one medium (such as a metal wire or optical fiber) to another medium [61]. Coupling
describes the phenomenon in which two or more systems interact with each other through an interaction
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mechanism [62]. We use the coupling model to analyze the internal relationship between urban blue
space, green space, and urban built-up areas, and quantitatively evaluate the coordination level of the
three in different development stages to make up for the deficiency of spatial analysis. The coupling
equation is

=

C = [l U /TI(U; + )], (10)

where C is the coupling degree among n systems; U; (i=1, 2, ..., n), Uj (G=1,2,...,n) represents
the comprehensive evaluation index. However, this model cannot assess whether the coupling is
benign, that is, when the comprehensive development level of multiple systems is low, a high degree of
coupling can still be obtained. To avoid this deficiency, this study introduces a coupling coordination
degree model that objectively reflects the coordinated development level of multiple systems [63].
The model expression is as follows:

D= VCxT, T=Y" ol (11)

where D is the degree of coupling and coordination among n systems; T is the comprehensive
coordination index; and ¢; is the undetermined coefficient, which represents the contribution of the ith
system to the integrated system. When n = 2, ¢; takes the value of 0.5; when n = 3, ¢; takes the value
of 1/3.

To directly reflect the coordinated development of the system, we refer to the research results of
Liao Zhongbin [64]. The uniform distribution function method is used to divide the interval and level
of the coupling coordination degree (Table 3).

Table 3. Coordination level classification criteria.

Accidentally and Accidentally and Coordination Accidentally and Accidentally and Coordination
Coordination Degree Degree Level Coordination Degree Degree Level
0.0000-0.1 Extreme disorder 0.5001-0.6 Barely coordination
0.1001-0.2 Severe disorder 0.6001-0.7 Primary coordination
0.2001-0.3 Moderate disorder 0.7001-0.8 Intermediate coordination
0.3001-0.4 Mild disorder 0.8001-0.9 Good coordination
0.4001-0.5 On the verge of disorder 0.9001-1.0 Excellent coordination
4. Results

4.1. Results of Land Use Change

4.1.1. Accuracy Assessment of Land Classification

Overall accuracy and Kappa coefficients were used to evaluate the accuracy of land classification.
The verification samples were randomly extracted from Google Earth images and Landsat images in
1987, 1992, 1996, 2001, 2005, 2009, 2013, and 2018. As shown in Table 4, OA value of all classification
results was higher than 90% and Kappa coefficient was greater than 0.9, indicating that the classification
results of land use were highly accurate and could meet the needs of this study.

Table 4. Accuracy assessment results of land classification in Wuhan central city.

Date Year Overall Accuracy (%) Kappa Coefficient
1987 93.57 0.9249
1992 93.46 0.9215
1996 92.84 0.9172
2001 94.61 0.9354
2005 92.78 0.9227
2009 95.12 0.9463
2013 94.27 0.9375

2018 93.34 0.9283
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4.1.2. Dynamic Changes of Blue-Green Space and Urban Built-Up Area

From the remote sensing images, land use maps of eight periods in 1987, 1992, 1996, 2001, 2005,
2009, 2013, and 2018 were obtained (Figure 2), and the area changes of various types of land were
calculated (Figure 3). The results show that the green space in the central urban area of Wuhan has
been continuously occupied, which has been reduced by half in the past 30 years to 29,958 hectares,
accounting for 27.44% of the total area of the central urban area. Before 2001, the water area in the
northern part of the Yangtze River was greatly reduced. Later, the blue space pattern gradually
stabilized, with a total decrease of 10,108 hectares, accounting for 9.26% of the total area of the central
urban area. At the same time, urban built-up areas have expanded dramatically, adding a total of
41,010 hectares. Before 2009, the increase of construction land in the initial construction stage was
relatively small. Since 2009, with the support of national policies, the construction land of development
zones has increased significantly, which is the peak period of its increase. By 2018, the construction
land of the central urban area has reached saturation.

In 1987, blue space, green space and urban built-up areas accounted for 28.51%, 52.74%, and 17.19%
of the total area of the central urban area, respectively. At that time, the city was still weak and mainly
concentrated at the intersection of the Yangtze River and the Han River. In 2018, blue space, green
space and urban built-up areas accounted for 19.20%, 25.21%, and 54.72% of the total area of the central
urban area, respectively. On the whole, the central urban area of Wuhan shows typical characteristics
of land use reconstruction in the process of rapid urbanization—construction land occupies a large
number of agricultural and forestry land to obtain rapid urbanization expansion, and the blue and
green space is shrinking.

4.2. Analysis of Land Use Transfer Results

To further clarify the interactions between various land use types in the process of rapid
urbanization, the land use maps of two years were superimposed using ArcGIS, and obtained
visualizations for 1987-1996, 1996-2009, 20092018, and 1987-2018 (Figure 4). The mutual conversion
area between the four land use types is calculated to obtain the land use transfer matrix (Figure 5).
The results show:

During the 30 years, 47.91% of the land types in the central urban area of Wuhan have changed.
From 1987 to 1996, the land use change was not significant, mainly occurring at the edge of the city,
and the distribution was relatively scattered. The characteristics of land use transfer from 1996 to 2009
and from 2009 to 2018 are similar, with intensified land use change and obvious suburban urbanization.
Land conversion takes place almost between every two types of land use, among which the most
significant feature is the transformation from urban green space to built-up area. In the three periods,
6947 hectares of green space, 14,545 hectares of green space, and 21,505 hectares of green space are
transformed into built-up area, respectively. A total of 34,458 hectares of green space was transformed
into urban built-up areas during the whole study period, accounting for 65.86% of the total change area.
This shows that the expansion of urban space mainly depends on the encroachment of green space
in the process of rapid urbanization. In addition, 8345 hectares of blue space have been transformed
into urban built-up areas, accounting for 15.95% of the total area of change. The transformation is
mainly concentrated in the first two periods. In the last decade, the protection of urban blue space
policy has increased significantly. A total of 3313 hectares of blue space were transformed into green
space, accounting for 6.33% of the total change area, mainly due to the phenomenon of lake filling and
farmland formation in the early stage.
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Figure 2. 1987-2018 land use map of Wuhan central city: (a) 1987, (b) 1992, (c) 1996, (d) 2001, (e) 2005,
(f) 2009, (g) 2013, and (h) 2018.
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Figure 4. Spatial distribution of land use transfer results of Wuhan central city in different periods:
(a) 1987-1996, (b) 1996-2009, (c) 2009-2018, and (d) 1987-2018.
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Figure 5. Land use transfer matrix of Wuhan central city in different periods: (a) 1987-1996,
(b) 1996-2009, (c) 20092018, and (d) 1987-2018.

4.3. Analysis of Blue-Green Space Landscape Pattern

On the basis of the land use classification results, the landscape pattern of the blue-green space
in the study area was analyzed using six selected landscape indicators. Figure 6 show the landscape
pattern index of the green space. The changes in the number and density of green space plaques in
central Wuhan can be divided into two stages: from 1987 to 2009, both of them rose slowly and their
curves were almost horizontal; from 2009 to 2018, the two increased sharply, indicating that urban
expansion and human activities have aggravated the damage to urban green space and the green space
has become increasingly fragmented. Although the area of green space is gradually shrinking, the edge
density does not change much due to the increasing number of patches. Both the area-weighted shape
index and the area-weighted average fractal dimension of green space show a decreasing trend, which
means that the patch shape of green space is becoming more and more regular, and the complexity of
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the patch edge is decreasing, which also indicates that the green space has been greatly disturbed by
human activities.
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Figure 6. 1987-2018 landscape pattern index of green space in Wuhan central city.

Figure 7 show the landscape pattern index of Blue Space. The change of patch quantity, patch
density, and edge density in central Wuhan can be divided into three stages: from 1987 to 1996, the three
almost fluctuated horizontally; from 1996 to 2009, the three decreased sharply, indicating that urban
expansion and human activities aggravated the damage to the urban blue space. The fragmentation of
the blue space continued to decrease, mainly due to the disappearance of small lakes and branches
of large lakes. From 2009 to 2018, the three returned to the state of horizontal fluctuation. During
this period, the Wuhan Municipal Government strengthened the protection of urban lakes, achieving
remarkable results. The blue space area-weighted shape index and area-weighted average fractal
dimension show a decreasing trend. The main reason is that the shape of urban waters becomes more
and more regular due to the influence of agricultural and commercial activities such as reclamation of
farmland and development of real estate.

Patch Number (n) Patch Density (n/ha) Area-Weighted Mean Shape Index
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1985 1990 1995 2000 2005 2010 2015 2020 1985 1990 1995 2000 2005 2010 2015 2020 | | 1985 1990 1995 2000 2005 2010 2015 2020
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Figure 7. 1987-2018 landscape pattern index of blue space in Wuhan central city.

4.4. Analysis of Urban Expansion

4.4.1. Urban Expansion Intensity

On the basis of the land use classification results, with the Wuhan Municipal People’s Government
as the center point, the expansion direction map of the built-up area of the central city from 1987 to 2018
(Figure 8a) and the annual expansion intensity were calculated (Figure 8b). The ratio curve between
the area and the total area of the central urban area is relatively flat, and the ratio curve between the
annual expansion area and the total area of the built-up area in the previous year fluctuates greatly.
The results show that:
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Figure 8. (a) Expansion direction of the built-up area in Wuhan central city; (b) Expansion intensity of
the built-up area in Wuhan central city.

From 1987 to 2009, the urban built-up area grew slowly and fluctuatingly, with the growth rate
always below 1.25%. The urban expansion direction is basically the same, mainly with southeast, west,
and northeast expansion, and the northern region of the Yangtze River gradually saturated. The effect
of urban lake on the expansion of built-up area is obvious. Due to the presence of East Lake, the urban
built-up area is blocked from expanding to the east, and a depression appears in the eastern area.
The presence of South Lake delays the expansion rate of built-up area to the south. From 2009 to 2013,
the urban expansion rate increased rapidly, among which the eastern region expanded the most rapidly.
The urban built-up area gradually surrounded the East Lake, which became an urban lake. Urban
built-up areas in the southern region gradually cross the barrier of Nanhu Lake and continue to expand
outward to the vicinity of Tangxun Lake, encountering new development obstacles. From 2013 to 2018,
urban built-up areas still maintained a relatively fast growth rate, but the growth rate continued to
decline. Due to the abundant development space in the eastern region, there is still a violent urban
expansion. The southern and western regions have limited development space, and the expansion of
built-up areas is mainly occupied scattered green space, and the expansion speed is relatively slow.

4.4.2. Effect of Urban Expansion on Blue-Green Space

The gradient direction analysis helps visualize and analyze how the blue-green space changes
with the expansion of the city. On the basis of the land use classification results, the Wuhan Municipal
People’s Government is the center on which the gradient direction map of Wuhan's central city from
1987 to 2018 will be drawn (Figure 9).

(b) 1992

(e) 2005 B () 2009 (g) 2013 ) (h)2018

[] Green space [ Blue space [ Urban land [ Bare land

Figure 9. 1987-2018 gradient pattern of Wuhan central city: (a) 1987, (b) 1992, (c) 1996, (d) 2001, (e) 2005,
(f) 2009, (g) 2013, and (h) 2018.
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In the early period, the urban built-up areas were mainly distributed in the northwest of the central
urban area, surrounded by the green space of the city, and the blue space was scattered throughout the
entire study area. With the Yangtze River as the dividing line, the number of lakes in the south is greater
and the area is larger, while in the north is mainly small lakes of less than 5 km?. By 1996, the northward
expansion of the city caused a significant reduction in the northern waters. The northeast urban area
and the main urban area were connected to break the green space. The southern urban built-up area
uses the green space between the East Lake and the South Lake to expand outward. By 2005, the waters
in the northern region had completely disappeared, and parts of the waters in the west and east had
been transformed into green land by landfill. In the southern region, due to land reclamation for urban
construction, a large amount of bare land emerged. After that, the built-up area of the city gradually
expanded to the edge of the central urban area in the west, to the west bank of the Yangtze River in
the east, and to the Tangxun Lake in the south. The South Lake, Ink Lake, and Longyang Lake were
completely reduced to the inner lake of the city, and the built-up area eventually exceeded the green
space area. In the past five years, the trend of urban built-up area expansion to the southeast is obvious,
which gradually crosses the obstacles of East Lake and Yanxi Lake. Green space is gradually oppressed
to the edge of the city, becoming more and more broken.

Thus, the blue-green space change in the central urban area of Wuhan in the past 30 years is
characterized by the continuous expansion of the city. On the one hand, urban areas gradually occupied
the green space, making it marginal and fragmented. On the other hand, urban areas continued to
destroy the urban blue space and make small lakes gradually disappear and the big lakes into urban
inner lakes.

4.5. Coupling Analysis Results of Blue-Green Space and City

4.5.1. Measurement of Blue-Green Space Development Level

The above analysis reveals the spatial effect of urban expansion on the blue-green space. Below,
we use a coupled analysis model to quantitatively analyze the level of coordinated development
between blue-green space and urban built-up areas. First, an index model is established to measure
the comprehensive development level of the blue-green space in central urban Wuhan. The model
includes two main indicators and seven secondary indicators. The total area, the number of patches,
the area-weighted average patch area, the area-weighted shape index, and the area-weighted average
fractal dimension are used to evaluate the blue space. The change index of the green space, the patchiness
index, and the edge density are used to evaluate the fragmentation index of the blue-green space,
and the weight of each index in the blue-green space change system is calculated using the entropy
method (Table 5).

Table 5. Weight of each index in the blue-green spatial change system.

System Primary Weight (%) Secondary Indicators Weight (%)
Area 12.01
Patch number 10.95
Change index 73.01 Area weighted average patch area 19.49
G Area weighted shape index 17.04
reen space Area weighted average fractal dimension 13.52
Lo Patch density 10.95
Fragmen’tatlon index 26.99 E dge density 16.04
Area 16.51
Patch number 15.20
Change index 59.41 Area weighted average patch area 9.36
Bl Area weighted shape index 9.15
ue space Area weighted average fractal dimension 9.19
Fragmentation index 40.59 patch density 1522

Edge density 25.37
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After standardizing the evaluation indicators, using the above weights for weighted summation,
we obtained the comprehensive development level measurement values of the blue-green space over
the years. We used the standardized data of the urban built-up area to evaluate the level of urban
expansion, as shown in Figure 10. The value is in the range of 0-1. The larger the value, the higher the
level of system development.

1.2

o
o

o
o

Development level
o
»H

©
N

T T

1985 1990 1995 2000 2005 2010 2015 2020

Year
—m=—Green space  —=—Blue space  =—==—Urban land

Figure 10. 1987-2018 development trend of blue-green space and urban land in Wuhan central city.

The evolution of green space development can be divided into four stages: From 1987 to 1996,
the development level of green space changed very little, mainly because the urban expansion was still
very slow, and almost all indexes such as area, patch, shape, and degree of fragmentation fluctuated
horizontally. From 1996 to 2009, the development level of green space declined slowly with the
expansion of the city. The number and density of plaques increased slowly, but the average patch area
decreased rapidly, and the shape index dropped significantly, indicating that the city was increasingly
disturbed by urban construction and human activities. From 2009 to 2013, the rapid urban expansion
led to the severe destruction of green space in a short period of time and a sharp decline in the
development level. From 2013 to 2018, the decline rate of the development level of green space had
slowed down significantly, but the urban expansion rate was still very fast, which to some extent
indicates that the green space had been seriously damaged and had reached the point of no retreat.

The evolution of blue space development can be divided into three stages: from 1987 to 1992, blue
space was not destroyed but slightly improved. The number, density, and average area of the plaques
increased slightly, and the shape index increased significantly. Human activities did not affect the
blue space. From 1992 to 2009, the blue space was continuously broken and the development level
continued to decline. Its area, patch, shape, and other indexes all show a downward trend, but the
decline rate was basically slowing down. This indicates that the blue space was damaged by urban
construction activities and protected to an increasing extent. From 2009 to 2018, the development level
of blue space slowed down significantly, which is greatly related to the completion of the demarcation
of the lake water area control line in the city.

4.5.2. Coupling Results

Using the blue-green space and the urban development area development level measurement
values, the coupling analysis model was used to calculate the coupling changes of green space, blue
space, and urban expansion (Figure 11), so as to quantitatively analyze the coordinated development
level of the three. The results are as follows:
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Figure 11. 1987-2018 change trend of coupling degree between blue-green space and urban expansion
system in Wuhan central city.

The change curve of coupling degree between green space and urban expansion in central Wuhan
shows an inverted U-shape and turns to the left. In 1987, there was a moderate imbalance between the
two, mainly because the urban built-up areas were too weak. Subsequently, the coupling degree of the
two groups increased rapidly and gradually entered the primary coordination stage. After that, the two
groups maintained at this level for a long time. In 2009 or so, the two groups entered the optimal
development state and reached the intermediate coordination level. From then to 2018, the rapid
expansion of the city seriously damaged the green space, and the coupling degree of the two entered
a period of rapid decline, and finally entered a stage of moderate imbalance again.

The coupling between blue space and urban expansion in central Wuhan can be divided into
three stages: from 1987 to 1996, the coupling increased rapidly and gradually reached the primary
coordination level from the moderate imbalance level, and it remained at that level for as long as
a decade; from 2005 to 2018, the coupling degree of the two entered a period of slow decline, and the
development of blue space and built-up area in central Wuhan entered a stage of near imbalance.

The coupling curves of blue space, green space, and urban expansion in central Wuhan also show
an inverted U-shape, but to the right. In 1987, the coupling degree of the three was slightly unbalanced.
In the following ten years, the coupling degree of the three was rapidly improved. Finally, the three
entered the primary stage of coordinated development and maintained this level for a long time. From
2009 to 2018, the rapid expansion of the city led to a rapid decline in the coupling degree of the three,
and finally, to a stage of moderate imbalance.

5. Discussion and Conclusions
5.1. Discussion

5.1.1. Urban Built-Up Area

Urbanization and original ecological protection are a pair of contradictory relations. The birth
of a city is at the cost of consuming or damaging forest green space, river and lake water, and the
water ecological environment. The destruction and pollution of green space and lake are the result
of the constant competition between urban blue and green space and urban development. In the
1990s, affected by the dual effects of market economy system reform and social and political system
reform, Wuhan expanded rapidly outward, and the central city was fully urbanized, and gradually
developed into a “ring + radiation” urban spatial structure. After 2000, Wuhan has vigorously
promoted the integrated development of urban and rural areas. The suburban—urban integration
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area has become a hot area for planning. Various industrial parks and real estate development and
construction have been successively developed, which have damaged the reserve land resources and
excellent lake resources for urban development and caused the disordered expansion of built-up areas
in suburban cities. In 2014, Wuhan began a new type of urbanization process, the urban pattern
basically formed, and the speed of urban expansion began to slow down. Various urban development
concepts, such as ecological cities and sponge cities, will be gradually introduced to make future
urban development sustainable. At present, it is necessary to guide the rational development of cities
through rational planning and layout, determine the boundaries of urban development, and focus
on optimizing urban structure, rather than encouraging the continuous expansion of urban scale.
In addition, the government can appropriately carry out the transformation of the old city, tap the
potential of urban internal land storage space, and improve the efficiency of space utilization.

5.1.2. Urban Green Space

Regarding the protection of urban green space, Wuhan City proposed the construction goal
of “Landscape Garden City” in 1997. To this end, the “Comprehensive Planning Outline for the
Creation of a Landscape Garden City in Wuhan” was compiled and completed [65]. A systematic
and comprehensive plan was developed for near-term construction actions for the construction of
gardens and green spaces. Under the guidance of this plan, until around 2000, Wuhan's riverside
and lakeside greening construction achieved outstanding results, and a number of urban parks, street
amusement parks, and urban road greening construction achieved significant results. The greening
level in the main urban area significantly improved. In December 2003, Wuhan Urban Green Space
System Planning (2003-2020) [66] was officially approved by the municipal government. The plan for
the first time detailed layout of the green space system according to the three levels of the city area,
urban planning area, and main urban area. In November 2011, the “two-line and three-zone” space
management model was proposed. The model sets the growth boundary and ecological bottom line of
the city, and proposed a centralized construction area, ecological development area, and ecological
bottom line area. Wuhan completed the delineation of the basic ecological control line for the whole
region in five years. Moreover, urban arable land has not been well received. More than half of the
large amount of land occupied by urban expansion is cultivated land. From the existing land property
rights system, the ambiguity of property rights is one of the biggest reasons for the poor protection of
cultivated land in the rural-urban fringe. Farmers actually only have the right to use the land and
income rights; they have no right to dispose of the land. Since the new century, the government has
requisitioned a large amount of cultivated land for urban construction. In 2014, the delimitation of
permanent basic farmland in Wuhan started. The adoption of strong policies to protect farmland also
strengthened the constraint of urban development boundary. Although the urban green space has
been protected to some extent, the situation is still not optimistic. In the future, we should give priority
to the protection of large green space, take corresponding measures for different types of green space,
combine the green space construction with the construction of urban regional environment, and plan
in combination with the natural base of urban mountains and water systems, so as to promote the
rational layout of green space system.

5.1.3. Urban Blue Space

For urban blue space, since the 1990s, due to the rapid development of urban society and
economy, population density has increased, and the pressure on lakes has increased. Moreover,
coupled with land acquisition and lake reclamation, arbitrary sewage discharge has aggravated the
damage to the lakes” ecological environment. Lakes in Wuhan are mostly shallow, and their ecological
environment is fragile and vulnerable to external interference. Since the end of the last century,
the Wuhan Municipal Government has carried out a series of pollution prevention and treatment
work on lakes, and has achieved results. The Wuhan Lake Protection Regulations [67], which were
enacted in 2001 and implemented in 2002, played an important role in mitigating the reduction of lake
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area in Wuhan. Since then, Wuhan has formulated more than 20 local regulations for the protection
and management of lakes. In 2011, the Wuhan Municipal Water Resources Protection Regulations
was promulgated and implemented [68]. In 2013, the city completed the planning of 166 lake water
control lines, greening control lines, building control lines, and “three lines and one road” around
the lake, and determined the control system for protecting water bodies in lakes. However, various
departments and administrative regions continue to erode and destroy lakes. Illegal lake reclamation
and sewage have not been effectively curbed. The water quality of many lakes continues to deteriorate,
and the struggle between protection and governance and erosion and destruction has never stopped.
In the future, the government should continue to strictly control the development and utilization of
lakes and the surrounding areas, eliminate any form of lake filling, especially engineering construction
and real estate development, and further carry out the unified regulation of lakes.

5.2. Conclusions

This paper analyzes the dynamic gradient change characteristics of the blue and green space and
urban built-up area in central Wuhan. It found that the rapid expansion of urban built-up areas and
the sharp decrease of blue and green space are the main characteristics of land use change in the central
urban area of Wuhan in the past 30 years. Urban green space is becoming more and more fragmented,
whereas for blue space is the opposite. The patch shapes of both are becoming more and more regular
due to the interference of urban construction and human activities.

By analyzing the change of urban built-up area’s expansion intensity and its spatial effect on
the blue-green space, it was found that the urban built-up area’s expansion from 1987 to 2009 was
relatively slow, and the expansion rate obviously accelerated in recent ten years. On the one hand,
the continuous expansion of cities gradually encroached on the green space, and marginalized and
fragmented it; on the other hand, it constantly destroyed the urban blue space, making small lakes
gradually disappear and large lakes become urban internal lakes. In addition, the urban lakes have
obvious hindering effect on the expansion of built-up areas.

The coupling analysis model was used to quantitatively analyze the coordinated development
level between the blue-green space and the urban built-up area in central Wuhan, and it found that the
change curve of the coupling degree among the three presented an inverted U-shape. From a mild
maladjustment stage gradually into the primary stage of coordinated development, and it maintained
this level for a long time. The rapid expansion of the city in recent ten years has led to the rapid decline
of the coupling degree of the three, and it has finally entered the stage of moderate imbalance.

This study reveals the development and evolution of the blue-green space and built-up area
in central Wuhan, evaluates the interaction and coordinated development level of the three in the
space, and provides a valuable reference for the protection of blue-green space in the process of urban
development. However, our research still needs to be further improved with the development of
future technologies, such as the improvement of remote sensing image accuracy and refinement of
land classification. We will also continue to focus on the blue-green space in Wuhan and other cities in
China, and study the characteristics of blue-green space changes in the context of urban development
in the new era.
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